ABSTRACT: We present a combined experimental and theoretical study of monolayer VTe 2 grown on highly oriented pyrolytic graphite by molecular-beam epitaxy. Using various insitu microscopic and spectroscopic techniques, including scanning tunneling microscopy/spectroscopy, synchrotron X-ray and angle-resolved photoemission, and X-ray absorption, together with theoretical analysis by density functional theory calculations, we demonstrate direct evidence of the metallic 1T phase and 3d 1 electronic configuration in monolayer VTe 2 that also features a (4 ´ 4) charge density wave order at low temperatures.
INTRODUCTION

Two-dimensional transition-metal dichalcogenides (2D-TMDs)
1, 2 offer a promising avenue to addressing the imminent challenges brought by the continuous downscaling of conventional silicon-based electronic components. With over 40 different choices of compounds, the family of 2D-TMDs provides an extensive range of key electronic properties from metals, semiconductors to half-metals, and from magnets to superconductors. [3] [4] [5] These form the essential building blocks for emerging technologies that can leverage the unique assets of atomically thin materialsmechanical flexibility, chemical tunability, and coupled electronic degrees of freedom, such as charge, spin, orbital, valley, etc. [6] [7] [8] [9] Vanadium ditelluride, VTe 2 , is an interesting yet rarely explored metallic 2D-TMD. Early work has reported an anomaly at 390-437 K in both heat capacity and resistivity measurements due to phase transition from a hexagonal 1T phase (at high temperature) to a monoclinic 1T' structure (at low-temperature). 10, 11 This 1T' structure denotes the distorted form of the 1T phase, with two-thirds of the V atoms in each monolayer displaced forming double zigzag chains with a (3 ´ 1) periodicity. This phase transition has been associated with charge density wave (CDW) formation, which renormalizes the telluride's electronic band via an enhanced overlap between the Te and V orbitals. 12 As a consequence, a d-electron count of V deviates from the initial d 1 configuration in the 1T phase, resulting in the 1T' phase. 13 Interestingly, the fact that VTe 2 exhibits a stronger interlayer coupling between its chalcogen atoms than its sulfide and selenide counterparts makes such phase transition behavior and its other properties more sensitive to layer thickness. Prior tight-binding band electronic structure calculations have indeed revealed considerable electron transfer between the Te p and V d bands in 1T-VTe 2 , 13, 14 in which the Te p z -orbitals plays a crucial role. As such, any disturbance of the Te p z -orbitals or equivalently the Te-Te interlayer coupling would alter the VTe 2 properties. A relevant system that mimics such a scenario is VTe 2 intercalated with alkali-metals (Li and Na), 15 in which the 1T' phase was seen to occur at lower temperatures than its pristine form, with the values of structural parameters closer to that of the 1T structure. 15, 16 The lower phase transition temperature onset for intercalated VTe 2 underlines the profound effect of modified Te-Te interlayer coupling along the c crystal axis.
Similar observations have been reported for multilayer VTe 2 nanosheets grown by chemical vapor deposition 17 and films by molecular-beam epitaxy (MBE), 18 respectively. In both cases, a 1T structure with bulk-like lattice constants is reported.
In this work, we demonstrate the MBE growth of monolayer VTe 2 on highly oriented pyrolytic graphite (HOPG), enabling direct access to the monolayer regime where the intrinsic TeTe interlayer coupling is completely removed. Through a combination of in-situ microscopic and spectroscopic techniques, including scanning tunneling microscopy/spectroscopy (STM/STS), synchrotron-based photoemission spectroscopy (PES), angle-resolved PES (ARPES), and X-ray absorption spectroscopy (XAS), we give evidence of the metallic 1T phase and d 1 electronic configuration in monolayer VTe 2 . Unlike the (3 ´ 1) double zigzag chain-like modulation in the bulk crystal, a (4 ´ 4) CDW order is observed, suggesting the significant effect of reduced dimensionality on the CDW instability in VTe 2 . Density functional theory (DFT) calculation reveals the possible role of the graphitic substrate in this regard. We also use element-specific Xray magnetic circular dichroism (XMCD) to address whether an intrinsic ferromagnetic order exists in monolayer VTe 2 , as predicted by several theoretical studies. [19] [20] [21] RESULTS AND DISCUSSION Film growth, structural and STM/STS measurements. The 1T structure (space group: P3 1) of VTe 2 is illustrated in Figure 1a , consisting of a plane of hexagonally arranged V atoms sandwiched by two atomic Te planes with in-plane and out-of-plane lattice parameters of 3.64 Å and 6.51 Å, respectively. These parameters have been confirmed by our STM measurements at 77 K for MBE-grown monolayer VTe 2 on HOPG (also see the atomic force microscopy image in Figure S1 that shows the 2D growth of the monolayer). such an electronic structure. 22 Our spectrum, which represents the local density of states, reveals a differential conductance dip centered at the Fermi level, without a clearly resolved gap. The latter can be explained by the fact that the STS spectrum is momentum-integrated, with some of the momentum regions of monolayer VTe 2 gapped (along M-K) and others not (G point). As measured at 77 K, we expect both spectral broadening and temperature-dependence of the CDW gap 22 to also affect the measured STS. 
23
Electronic band structure and phase identification by ARPES. Figure 3a ,b shows the ARPES intensity maps of monolayer VTe 2 measured at 297 K and 11 K, respectively. Due to the small VTe 2 domain sizes (a few hundred nm; see Figure S1 ) relative to the ARPES detection area (~800 µm), these measured bands are averaged over different crystal domains and thus weak. Yet, near the Fermi level, one observes in both the maps a weakly dispersive V 3d band and a set of degenerate Te 4p bands with a strong downward dispersion. Overlays of the experimental bands at 11 K with those calculated by DFT suggest the monolayer's 1T structure (Figure 3c ). 22 Such a consistency is on the other hand not achieved when compared to the calculated 2H dispersive bands ( Figure S3) . The fact that a single d-band rather than exchange-split bands is observed in our case also excludes a ferromagnetic ground state as consistently predicted by theory. [19] [20] [21] We shall return to this discussion with further evidence by XMCD measurements for the monolayer.
Figure 3d
shows the effect of thermal broadening in the normalized energy distribution curves (EDCs) around the G point. Upon cooling to 11 K from 300 K, the peak width of the EDC is evidently reduced, yet without a leading-edge midpoint shift, indicating absence of a CDW-gap opening around the G point, consistent with the previous ARPES study 22 and our STS data in In this d 1 odd system (V 4+ ), the unpaired electron preferentially fills the t 2g states with relatively low orbital energy. We probed this configuration by means of V L 2,3 -edge XAS in the total electron yield (TEY) mode (Figure 4b) . The corresponding spectrum shown in the upper panel of Figure   4c consists of two main absorption peaks at 518 and 524 eV, corresponding to dipole-allowed transitions from the spin-orbit split V 2p 3/2 and 2p 1/2 core-levels to the 3d unoccupied states of Figure 4c ), thus suggesting a lack of intrinsic ferromagnetic order. We note that ferromagnetic signals have been reported for CVDgrown VTe 2 nanoplates on SiO 2 /Si, characterized by vibrating sample magnetometry (VSM). 17 As a conventional magnetic measurement tool, VSM characterizes the macromagnetism of the whole sample, including the contribution from the substrate and probably from extrinsic perturbations.
For instance, the substrate (Si, HOPG, etc.) usually contributes various magnetic signals. 25, 26 To subtract such extrinsic contributions is tricky, especially due to the atomically thin nature of the 2D material, and different methods of subtraction could yield diverse magnetic moments. 27, 28 In this regard, the XMCD is an advantageous tool, in that it is element-specific, which guarantees the observed magnetic contrast to be intrinsic to V. In particular, our XMCD results are supportive of our ARPES data in Figure 3 , showing no evidence of exchange-split bands, which would otherwise exist in intrinsically ferromagnetic materials. We hypothesize that this is related to the CDW instability in monolayer VTe 2 , which not only competes with but suppresses the ferromagnetic ground state predicted by DFT, as similarly reported for monolayer VSe 2 .
29, 30
Discussion of the substrate-effects in suppressing the 1T' phase. Fermi surface nesting and electron-phonon interaction have been invoked previously to account for the different CDW orders in monolayer VTe 2 and its bulk counterpart. 18, 22 Furthermore, our DFT calculations reveal possible substrate effects that could weaken the double zigzag chain modulation in the 1T' phase.
Specifically, we have considered four situations here: (1) freestanding 1T monolayer, (2) 1T monolayer relaxed on graphene, (3) freestanding 1T' monolayer, and (4) 1T' monolayers relaxed on graphene. We notice that no matter with the substrate or none, the 1T' phases (3 & 4; Figure   5a ) are always more energetically stable than the 1T phases (1 & 2), which is however not observed experimentally by us. Quantitatively, the relative energy difference between these phases is 0.1 eV per super cell for the freestanding case, and ~0.08 eV per super cell for the on-graphene case. The small discrepancy of ~0.02 eV in the relative energy difference could be related to charge transfer from graphene to monolayer VTe 2 , as shown in Figure 5b . Back to the abovementioned inconsistence between the calculation and our experimental observation, we continue to examine the substrate effect in suppressing the 1T' phase. As illustrated in Figure 5a , the V atoms in the 1T' monolayer initially displace along one lattice axis, the b axis in this work, forming the double zigzag strips. However, when relaxed on graphene, these regular displacements disappear and more random distortions are observed along both the a and b axes, as shown in Figure 5a . These considerably reduce both the Te-Te height profile (Figure 5c ) and the V-strips separation (Figure   5d ), and in turn the 1T' structural modulations. We speculate that, when a multilayer graphene is used as a substrate, the structural modulations will be further smeared out, which may probably explain why the 1T' phase is not observed in our monolayer on HOPG.
CONCLUSIONS
In summary, we present direct microscopic and spectroscopic evidence of metallic 1T phase and X-ray absorption spectroscopy and magnetic circular dichroism. XAS and XMCD measurements were carried out at the beamline 6.3.1 of the Advanced Light Source (ALS). The spectra were collected with sample temperatures ranging from 16 to 300 K in TEY mode, in which the sample drain current was recorded as a function of the photon energy. The angle of incidence of the photon beam was set to 45° relative to the sample surface. XMCD spectra were recorded with a fixed circular polarization of the X-rays and opposite magnetic fields up to ±1 T.
Density-functional theory calculations. The DFT calculations were performed using the VASP package, utilizing the projector augmented phase wave (PAW) method, 31 and the Perdew Burke and Ernzerhof (PBE) exchange-correlation functional. 32 To better estimate the interlayer dispersion interactions in the interface structure, the dispersion-corrected vdW-optB88 exchangecorrelation functional was applied. [33] [34] [35] [36] A separation of 20 Å between VTe 2 layers was found to be sufficient to represent an isolated monolayer. We employed a kinetic energy cutoff of 500 eV and
The lattice parameters and the atomic positions were optimized until the forces on the atoms were less than 1 meV/Å. The relaxed lattice parameter is 3.61 Å, in good agreement with the experimental value. For the interfaces, we use a 3 × 9, 2 × 6, and 2 × 2 supercell for graphene, T phase and T' phase VTe 2 , respectively, in which the strain is less than 2%. The graphene layer is kept fixed during the structure relaxation.
FIGURES. ) shows the impacts of ambient-air-exposure. A peak shift to higher BE is evidenced for both the V 2p and Te 3d core-levels and the initial metallic Fermi edge loses most of its spectral weight. These changes are also accompanied by a work function decrease by 0.2 eV. Ex-situ atomic force microscopy image; Bias-dependent STM images of monolayer VTe 2 ; Overlay of experimental ARPES bands with theoretical bands of 2H-VTe 2 ; Se 3d XPS peak with pure Se as a cap (PDF)
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